Introduction
This paper describes the results of an experimental study of freshwater which flows two-dimensional1y over a still pool of saltwater. This type of flow can be observed when heated cooling water is discharged from a power station horizontally onto the surface of a lake, reservoir [4, 6, 12, 30, 31, 33] or in an estuary where the outflow of freshwater mixes with underlying saltwater; the flux of brackish water increases with the distance downstream from the head of the estuary [6, 9, 10, 19] . In these types of flow the depth of the lighter fluid at the mouth is usual1y high, being of the order of 2-3 m; and the mouth densimetric Froude number (defined later) is about unity orless [4, 28, 36] , indicating that the mixing process of the surface layer is dominated mainly by buoyancy rather than momentum. In most previous laboratory studies measurements were carried out for jet-type flow, for which the densimetric Froude number was high with a shal10w depth of flow at the inlet [5, 8, 15, 18] . The object of the present investigation is to study the cases in which the densimetric Froude number is low, varying between 0.5 and 2 and, the depths of freshwater, which are relatively large, vary between 0.08 m and 0.12 m. It is assumed that the flow structure and the turbulent mixing process that occur in this study are similar to those occurring in nature.
Expérimentally freshwater was released two-dimensional1y from a wide channel onto the surface of stationary saltwater with density of 1025 kg/m 3 held in a wide, deep flume. During the experimental runs saltwater was supplied gently at a constant rate along the bottom of the flume in order to obtain a steady surface flow. Mean velo city and density promes, together with their turbulence intensities, were measured at various sections downstream from the inlet. Entrainment was measured directly from saltwater supply ( Fig. 1) and it was also determined from density promes.
.. Note that in equation (2) the advection terms, being small, are neglected.
In equations (1) Figure 4 indicating that tlIe variation of u 2 with x is negligible, furthermore measurement showed that the variation of mean velocity near the iulet was constant, elsewhere very small for tlIe experimental range presented here. where Ti = -Pt üü is the average Reynolds shear stress at the interface. From the definition of the interfacial shear stress Ti' it can be seen that a motion in the underlying saltwater pool is necessary to account for the momentum exchange taking place between upper and lower layer, [12, 19] . The existence of such a drift in the saltwater layer was observed previously, [17, 31] ; it was also observed in the present experirnental study as will be described later. In equation (4) V is the entrainment velocity at the interface (see Fig. 1 ). The pressure p can be calculated from equation (2) by assuming that a;;'f/ay, and the variation of the Reynolds stress in horizontal direction are negligible. These, together with the above verified assumption, i.e. du 2/dx being small, indicate that the turbulence in tlIe flowing layer is uniform, hence (6) in which !:lp (x, y) = P s -P (x, y) where p(x, y) is the local mass density of the flowing layer, e is the inclination angle of the free surface and Po (x), being a function of x alone [1, 2] , is equal to the atmospheric pressure and is a constant. By differentiating equation It is assumed that the motion in a flowing freshwater layer is steady, and that the features of the model, as shown in Figure 1 are similar to those of a ' density jump' studied by others [9, 12, 17, 19, 30, 33] , namely consisting of three zones : 1. the entrainment zone, 2. roiler region and 3. the zone of homogeneous flow [17, 33] . In the third zone the layer travels over the saltwater pool behaving much like free homogeneous flow over a rigid surface [1, 2] . The appearance ofthese three zones depends on the inlet densimetric Froude number and also on the control height at the downstream outlet, which will be described later.
Analysis
Let tlIe Boussinesque approximation be made, namely that the density difference between the underlying saltwater and freshwater layer can be neglected except where multiplied by g, the acceleration due to gravity. Experimentally tlIe temperature difference between the flowing layer and saltwater pool was kept very small so that ail density variations are assumed to be caused by salinity differences. Thus the equations of motion for the flowing layer, in tlIe co-ordinates system shown in Figure 1 , can be written in the following form : (1) ax ay Pt ax ax ay 
In equation
Experiment
The experiments were carried out in a glass-walled flume of rectangular section 0.92 m wide, 0.92 m deep and 13 m long. The flume was divided into a freshwater channel 0.20 m deep and 2.5 m long and a saltwater reservoir 8 m long (see Fig. 1 ). A weir witha smooth entrance and a stilling basin was fitted at the upstream end of the freshwater channel. The stilling basin together with honeycombs and screens provided a uniforrn twodimensional freshwater flow as confirmed by the measured velocity prome at a section near the channel exit. In each experiment the flume was mled with saltwater, whose concentration was 4 %, using sodium nitrate in order to minimise corrosion in the system.
The mass density of saltwater was P s = 1025 kg/m 3 , and the temperature of saltwater and freshwater was kept a1most the same throughout the experimental runs. In arder to maintain a steady state du ring each experimental run saltwater had to be added to the flume to compensate for that lost by entrainment. The extra saltwater was made in an auxiliary tank provided with a centrifugaI pump to deliver the saltwater into a constant header tank, which in turn was connected, via a variable orifice meter, to 4 pipes 0.1 m diameter, laid horizontally along the floor of the flume (see Fig. 1 ). The pipes were provided with holes, 0.1 m apart, which faced down towards the flume floor and the saltwater was supplied continuously through the holes. The pipes were covered with a fme meshed nylon sheeting; this arrangement produced a gentle flow of saltwater into the flume.
is the global Richardson number and finally a = y/H, y representing a vertical co-ordinate in salt promes (described later). The value of 1/2 Ci will be evaluated later when various terrns in equation (9) By substituting expression (8) into equation (7) and assurning 1" L = 1/2 (Ci Pr U;;'J where 1/2 Ci is the coefficient of interfaciaf friction, the following equation will be obtained :
Pt m
Experimental results (presented later) show that velocity and density promes are geometrically self-similar, Le. the velo city and density prames can be expressed in terms of non-dimensional functions such as f l (71) and f 2 (71).
The argument 71 represents vertical distance y made non-dimensional with an x-dependent characteristic dimension such as H, representing the thickness of the flowing layer (see Fig. 1 ). It was found from experimental results that the maximum velocity, Um' occurring near the free surface, the density differences /::"P m between the saltwater and freshwater and the thickness H are the suitable scales which can be used for velo city and density distribution, i.e. 
Velocity
Mean ve10city promes were measured at various sections along the centre-line of the flume with a miniature current meter 10 mm diameter. Furtherrnore an attempt was made to deterrnine turbulence intensity, but a reliable result was obtained only when the densimetric Froude number
where Ur is the mean freshwater velocity with depth ho measured near the exit of the freshwater channel (see Fig. 1 ). The measured velocity promes were made dimensionless by taking the maximum velo city Um occurring at the free surface and the depth H (see Fig. 1 ) as a velo city and a length scale respectively.
The depth H was measured from the free surface to a P?int where the mean velocity U is about 1/2 Um' FIgure 2 shows a typical non-dimensional velo city profile in the entrainment zone. In this figure is also shown an empiricai function fitted to the measured data expressed in the fol1owing form is also shown an empirical fitted curve in the fol1owing form U [17] ) showed that the maximum velocity Um does not occur at the free surface as was the case in the present study. Moveover it can be seen that their profiles [l, 2, 17] appeared to be symmetrical about the position of Um' It is believed that the appearance of Um below the free surface in the zone of homogeneous flow was due to a large depth-towidth ratio; this was 0.1 in the present study, representing a two-dimensional flow. It was observed that there was a general movement in the saltwater flume in the mean flow direction, similar to those 0 bserved by Lean et al. [17] and Stefan [31] . An attempt was made to measure the drift, but it was too small to be measured with a sufficient degree of accuracy. The injection of dye across the saitwater depth indicated that the dye motion was almost zero near the nylon sheeting (see Fig. 1 ), it increased rapidly near the interface. It is believed that a similar motion will occur in prototype because of the interfacial shear stress [13, 21] . Furthermore it was observed that a roller region (see Fig. 1 ) appeared when Fr> 0.8 and it disappeared when Fr ,ç 0.8. In this case the flow of the surface layer behaved much like 'flooded density jump' investigated by Wilkinson et al. [37] and others [28, 31] It was found that the same expression is applicable to the measured data when Fr = 0.77, 1.06, 1.26 and 1.85. In Figure 2 is aIso shown the velocity distribution of a Gaussian profile obtained by others [5, 9] for surface jets when Fr;ç. 2. It can be seen that the measured profile does not indicate a Gaussian form for 7"} > 1 and Fr < 2.
Similarly the measured mean velo city in the zone of homogeneous flow was made dimensionless using U and H-scale and the result is shown in Figure 3 Figure 4 is also shown the turbulence intensity profile obtained by Netyukhaylo et al. [24] for a surface layer flow similar to that presented here; it agrees reasonably well with that obtained in the present investigation for almost the same value of Re' The profiles shown in Figure 4 indicates that the turbulence intensity increases as the Reynolds number decreases, a result that agrees with those obtained in a two-dimensional homogeneous channel flow [16] . 
The layer thickness
The layer thickness 0 was determined from the salt concentration profiles, and is measured from the free surface to the point where C/C m = 1/2. It was found that at this point (~= 1) the turbulence intensity of salt fluctuation became a maximum (see Fig. 6 ). This in fact is a point at which the salt fluctuation undergoes a distinct jump and the gradient of mean salt concentration profile is a maximum (see Fig. 5 ). The measured o in the three zones shown in Figure 1 was made nondimensional using freshwater depts ho and the results were plotted against x/ho in Figure 7 for (16) Figure 6 shows that the turbulence intensity profiles of salt fluctuation behave similar to that of a horizontal boundary layer along a heated flat-plate investigated by Arya [3] indicating a maximum at~= 1. Figure 6 further shows that the turbulence intensity profile of the present investigation increases slightly with the increase of Fr' which increases with the increase of Reynolds number Re'
Cm 2
The constant A in equation 15 was found to be 30 for the profiles in the entrainment zone and 40 in the zone of homogeneous flow. A similar temperature profile was measured by Stefan et al. [30] in their experiment on three-dimensional surface plume when Fr < 2. 
Mean concentration
The mean concentration profile was determined using a conventional conductivity probe designed at the Hydraulics Research Station. The diameter of the probe was 5 mm tapering to 1.5 mm at the electrode.
The probe was connected to a 'UV' chart recorder and an integrated voltmeter to obtain mean and rms value of salt concentration respectively. The measured mean concentration profiles were made dimensionless using 0 as a characteristic depth (discussed later) at which the ratio of concentration deficit Figure 7 shows that the length of the entrainment zone increases with the increase of Fr' In this zone it was observed that,. inunediately downstream from the freshwater channel exit, the surface layer behaves much like a two-dimensional surface jet, entraining a great deal of the underlying saltwater, and the thickness 0 grows linearly with the distance x, (the linear part of curves shown in Fig. 7) . The length of the jet-type region depending on Fr was rather short, Le. x/ho <3 when Fr < 0.7, it increases with the increase of Fr so that x/ho < 10 when Fr varied between 0.8 and 1.85.
The entrainhlent zone almost disappeared, and the flowing layer behaved similar to that of a flooded density jump [37] when Fr <: 0.52. Figure 7 further shows that the thickness 0 remains unchanged in the zone of homogeneous flow. It was found that in the zone of entrainment the boundary layer growth due to mixing pro cess is larger than H due to the shear layer [1, 2] . In this zone o/H ratio increases slightly with the increase of Fr as shown in Table I for 5~x/ho~O.
The o/H ratio was not determined for x/ho> 5. -(l'63R;')"
10'
Entrainment coefficient E
The entrainment velocity V (see Fig. 1 ) was calculated from salt concentration promes using the following expression [34] Figure 8~Variation of entrainment coefficient with Richardson number.
Variation du coefficient d'entrainement en fonction du nombre de Richardson.
It can be seen that the coefficient E for the range of Ri shown in Figure 8 cannot be expressed as a single Power law, it does howeter tend to the form E:::>:: 0.0045 Ri
/ 2
The coefficient of interfacial shear stress whenR i > 7.
An attempt was made to measure the slope of the free surface using a precision point-gauge, but is was found that the slope/was too smal1 to be measured accurately. The results of measurements, however, showed that there is a rise in water level immediately downstream from the freshwater inlet (section 0, see Fig. 1 The salinity measurements for all values of Fr showed that salt concentration near the surface was very small and a similar result was obtained by Iwasa et al. [10] , henre it can be conc1uded that dl::::.Pm/dx :::>:: O.
From equation (9) where Umean is the mean value of velocity at a section, was plotted against the global Richardson number in Figure 8 . In Figure 8 are also shown values of the entrainment Eobtained by others [1, 2, 5, 8, 18, 29, 34] . A best fitted empirical curve to the measured data expressible in the fol1owing form shown as a solid line in Figure 8 , i.e. ;
Cs dC mean
in which qo is freshwater inflow per unit width and C mean is the mean value of salinity calculated from salinity profiles. It was found that saltwater flux q calculated from equation (17) agreed rasonably weIl with the direct measurement of saltwater supply (see Fig. 1 ). The coefficient of entrainment
studied here Le. e """ -.--""" acan be wntten
Variation of interfacial skin friction coefficient with Richardson number. [1, 2] . This type of instability causes the development of a higlùy turbulent flow associated with a large amount of the underlying fluid to be entrained across the interface into the flowing layer [2] . Although the experimental setup presented here was not designed to stu dy this type 0 f flow, it was noticed that the surface layer, because of the outlet control gate (see Fig. 1 ) becomes progressively thinner downstream from the zone of homogeneous flow, but the instability mentioned in the above was never observed. Various tenns Qf equation (21) were evaluated for this part of the flow and the results are shown in Table III, indicating that the 1/2 Ci is small for such a flow without entrainment.
There are types of flow in which the density difference between the flowing layer and the underlying saltwater is small Le. Ri""" O. For this type of flow equation (21) shows that the coefficient 1/2 Ci becomes independent of the Richardson number. The flowing layer behaves much like free homogeneous flow over a rigid boundary with varying depth.
The value of Jo J 4 for the entrainment zone and the zone of homogeneous flow were evaluated from measured data and the results are given in Table II. In  table II are also shown the l's values for comparison when the velocity and salt concentration profIles are Gaussian.
The terms in the right hand side of equation (19) and hence the coefficients 1/2 Ci were evaluated for these zones as shown in Figure 9 , in which are also shown the measured data obtained by others [18, 20, 22] . Figure 9 shows that the coefficient 1/2 Ci becomes independent of the Richardson number when Ri> 5. In this case the entrainment becomes negligible (see Fig. 8 ) and the surface layer flows over the saltwater pool behaving much like free homogeneous flows over a smooth rigid surface, for which the coefficient 1/2 Ci can be approximated to the following form [27] [20] indicate that the coefficient of interfacial shear stress 1/2 Ci is a function of Ri; it decreases with the increase of Ri' This may be due to the increased stability of the density gradient at the interface.
Stratified flow with little entrainment
Here an attempt will be made to explore the applicability of equation (19) to the type of flow in which mixing between the upper layer and underlying saltwater is very small, the case of an arrested saline wedge in an estuary. For this type of flow equation (19) with E = e "" awill take the following form 
